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Voltage dependent anion channel (VDAC) is a vital ion channel in mitochondrial outer membranes
and its structure was recently shown to be a 19 stranded b-barrel. However the orientation of VDAC
in the membrane remains unclear. We probe here the topology and membrane orientation of yeast
Saccharomyces cerevisiae in vivo. Five FLAG-epitopes were independently inserted into scVDAC1 and
their surface exposure in intact and disrupted mitochondria detected by immunoprecipitation.
Functionality was conﬁrmed by measurements of respiration. Two epitopes suggest that VDAC (scV-
DAC) has its C-terminus exposed to the cytoplasm whilst two others are more equivocal and, when
combined with published data, suggest a dynamic behavior.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Voltage dependent anion channel (VDAC), forms large channels
across the outer mitochondrial membrane (OMM) and occurs in up
to three isoforms per eukaryotic species [1]. VDAC is essential for
the exchange of mitochondrial cofactors and essential metabolites
(such as succinate, citrate, phosphate, NADH and ATP) [2,3]. The
channel is open and anion selective at low transmembrane poten-
tials, enabling permeation of molecules <6–8 kDa [4]. However, at
high potentials, it changes to a cation selective ‘closed state’, pre-
venting permeability of anions such as ATP. It has also been sug-
gested to play a role in apoptosis [5] although this remains
controversial [6]. Despite its importance, the structure of VDAC1
was unclear [7–10] until recently published high resolution struc-
tures of human and mouse VDAC1 revealed a 19 stranded b-barrel
capable of dimerization and dynamic ﬂuctuation [11–13] (Fig. 1).
However, the orientation of VDAC in the mitochondrial membrane
is unclear.
Sequence alignments show a 58% similarity between yeast and
hVDAC1 and 71% between yeast and ncVDAC1. Furthermore, resi-
dues thought to be important for the structure and function of
VDAC occupy similar positions [8,14]. Therefore, this work is basedchemical Societies. Published by E
brane; IMS, intermembrane
sVDAC, human VDAC; IP,
key).upon the hypothesis that VDAC1 adopts a similar structure in yeast
and human mitochondria. Antibody binding to FLAG-epitopes
(DYKDDDDK) indicates their surface exposure [15,16] and FLAG
was placed in selected regions of VDAC and probed by immunopre-
cipitation (IP) [11–13,17].2. Materials and methods
2.1. Cloning and site-directed mutagenesis for FLAG-epitope insertion
The Saccharomyces cerevisiae VDAC1 (scVDAC1) gene and its
promoter sequence (YNL055C coordinates 518997–517742, chro-
mosome XIV), was ampliﬁed by PCR from genomic DNA, puriﬁed
and blunt-end ligated into yeast shuttle vector YCPlac22 previ-
ously digested with SmaI (Promega) and treated with alkaline
phosphatase. Quikchange mutagenesis (Stratagene, UK) was used
to create ﬁve independent scVDAC1-FLAG variants according to
manufacturer’s instructions. Escherichia coli transformants were
screened for the correct mutation by colony PCR. Sequences were
conﬁrmed in all cases by automated sequence analysis (Lark tech-
nologies, UK).
2.2. Oxygraph high resolution cell respirometry
Respiratory analysis was carried out using the Oxygraph 2000
system (Oroboros, Austria). M22-2 (Dpor1) S. cerevisiae containing
VDAC1-FLAG-YCPlac22 variants were streaked onto YEPGE plateslsevier B.V. All rights reserved.
Fig. 1. VDAC1 structure and FLAG-epitope positions. (A) Three-dimensional model of hsVDAC1 drawn with Pymol [DeLano Scientiﬁc] using PDB coordinates 2K4T from [11]
(see also 2JK4 [12] and 3EMN [13]) indicating FLAG-epitope locations used in the current study (1–5). FLAG3, which contradicts the structure, is highlighted (). (B) scVDAC1
model based on the hsVDAC1 structure with FLAG positions indicated. Rectangles represent transmembrane regions.
Fig. 2. FLAG-tagged VDAC1 variants are localized to mitochondria. Mitochondrial
(M) and cytosolic (C) fractions were prepared from M3 parental control strain and
all ﬁve variants of VDAC1 (FLAG1-5) as described in materials and methods.
Aliquots (2 lg) were subjected to western blot analysis with antibodies raised
against VDAC1 or the FLAG peptide, as indicated. Enrichment for mitochondrial
fractions was conﬁrmed by probing for the cytosolic marker enzyme posphogly-
cerate kinase (PGK), some of which remains attached to the mitochondria (PGK,
lanes 1, 3, 5, 7, 9 and 11).
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siae (positive control) and M22-2 (Dpor1) S. cerevisiae (negative
control) were grown under the same conditions. Cells were resus-
pended in sterile PBS, 3% glycerol and counted using a CASY
Schärfe cell counter (Casy Technology Reutlingen, Germany) with
analyser system (Model TT). The oxygen consumption rate
(pmol/s/million cells) for each sample was calculated using Orobo-
ros DatLab version 4 software.
2.3. Mitochondrial isolation, immunoprecipitation (IP) and western
blotting
M22-2 cells were transformed with YCPlac22-scVDAC-FLAG
variants 1–5, respectively, following procedures described in
[18]. Variants were plated onto minimal agar (-Trp to select for
the YCPlac22 plasmid and -Leu to maintain Dpor1) and were incu-
bated for 48 h at 30 C. 2  500 ml cultures of yeast hosting each of
the recombinant-FLAG plasmids were grown to an OD600  0.2 and
cells were harvested by centrifugation at 2500g for 5 min at room
temperature. Whole mitochondria were isolated from S. cerevisiae
as described in [19] and protein concentration of mitochondrial
fractions determined by Bradford assay.
Anti-FLAG M2 monoclonal antibody (A2220, Sigma) bound to
agarose beads was centrifuged at 5000g for 30 s to remove stor-
age buffer. For each sample, 40 ll beads were washed and equili-
brated three times with 1 ml SH buffer (0.6 M Sorbitol, 20 mM
HEPES–KOH pH 7.4) centrifuging as before. Fresh mitochondria
(200 lg per FLAG-VDAC variant) were resuspended in ice cold SH
buffer to a ﬁnal volume of 500 ll. For ‘‘disrupted mitochondria”,
an identical sample was solubilised in 1% v:v Triton X-100/SH buf-
fer (ﬁnal volume 500 ll) until the solution clariﬁed. ‘Intact’ and
‘disrupted’ fractions were mixed separately with anti-FLAG beads,
incubated for 4 h on a rotating drum at 4 C, pelleted by centrifu-
gation at 5000g for 30 s at 2 C, and unbound material discarded
in the supernatant. Beads were similarly washed twice with 1 ml
cold SH buffer and then with ice cold PBS 1% v:v Triton X-100 for
5 min at 4 C on a rotating drum to solubilise bound mitochondria
to leave just FLAG-tagged VDAC attached to the beads. All beads
were washed a ﬁnal time with 1 ml PBS 1% v:v Triton X-100 by
inverting the tubes several times and samples pelleted as before.
After separation on SDS–PAGE, proteins were transferred onto a
PVDF membrane by wet transfer, blocked in 5% milk/TTBS (20 mM
Tris, 0.5 M NaCl, 0.1% Tween-20) overnight at 4 C, washed threetimes in TTBS and probed with anti-VDAC polyclonal (Neurospora
crassa) antisera. Membranes were washed three times then incu-
bated with HRP-conjugated porcine anti-rabbit IgG (P0399, Dako
Cytomation). After a ﬁnal three washes, the blots were developed
using ECL+ reagents for 5 min and imaged on a Storm Phosphoim-
ager (GE Healthcare).
3. Results and discussion
3.1. Localization of FLAG-tagged VDAC1
Translocation and assembly of scVDAC1-FLAG variants (Fig. 1)
into the mitochondria of M22-2 Dpor1 (VDAC1-deﬁcent) cells
was conﬁrmed by western blot (Fig. 2). Isolated mitochondrial
and cytosolic fractions were probed with anti-FLAG, anti-VDAC
and anti-PGK antibodies with wild-type VDAC1 fromM3 (parental)
strain as a control. All scVDAC1-FLAG variants were identiﬁed in
mitochondrial fractions and not in the cytosol (Fig. 2, row 2). Prob-
Fig. 4. Immunoprecipitation of solubilised and intact mitochondria hosting VDAC1-
FLAG variants in the OMM. Equal amounts of intact (I) or solubilised (S)
mitochondria isolated from strains expressing individual VDAC1-FLAG variants
were subjected to immunoprecipitation assays with beads decorated with anti-
FLAG antibodies as detailed in materials and methods. VDAC1 variants were eluted
from the beads and subjected to western blot analysis with anti-VDAC1 antibody.
EXP1 and EXP2 refer to separate repeat experiments. For each variant, samples
precipitated from the intact and solubilised mitochondria were loaded on the same
gel and transferred to the same membrane. However, in EXP2 samples from the
solubilised and intact mitochondria of FLAG2 and 4 variants were not loaded in
sequential lanes.
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cytosolic separation.
3.2. Functional studies of FLAG-inserted VDAC variants in vivo
To determine whether the insertion of a charged FLAG-epitope
affected the native structure of VDAC1, respiration of M3 wild-type
and M22-2 Dpor1 cells alone or hosting VDAC1-FLAG variants, was
measured by respirometry in 12 parallel experiments (Fig. 3). M22-
2 retained a minimal ﬂux of 22.3 ± 4.1 pmol/s/million cells which
was increased by the endogenous expression of VDAC1 in the M3
wild-type control to 30.3 ± 4.4 pmol/s/million cells. When com-
pared to the respiratory rate for the M3 wild-type control, variants
1–5 recovered between 70% and 125% of oxygen ﬂux in M22-2. For
each variant, the rescue of respiratory rate was statistically signif-
icant and this is our strongest evidence that the FLAG inserts do not
induce large structural changes. Differences in the amounts of
VDAC1-FLAG consistently found between strains (Fig. 3, M3 cf.
FLAG1) did not correlate with the respiratory rate. The control that
VDAC1 exerts on the respiration rate (control strength) is unknown
but probably minimal. Consequently, restoration of even low levels
of functional VDAC1 may be sufﬁcient to restore normal respira-
tory rates.
3.3. Immunoprecipitation of intact and disrupted mitochondria
The terms cis and trans sides of VDAC are used here for clarity
and deﬁned in Fig. 1. Mitochondria containing VDAC1-FLAG vari-
ants were incubated with anti-FLAG antibody bound to agarose
beads. VDAC1-FLAG1 did not bind antibody in intact mitochondria
(Fig. 4, lane 1 cf. 2). This suggests that the intact OMM prevented
access to the FLAG1-epitope [15]. In contrast, VDAC1-FLAG5
showed equal levels of binding (Fig. 4, lane 9 cf. 10), consistent
with a cytosolic location. Binding of FLAG5 in both intact and dis-
rupted mitochondria was low but this reﬂects its abundance in the
OMM (Fig. 2, lane 11) Nevertheless, a 98% recovery in respiration
rate conﬁrmed that VDAC1-FLAG5 is functional (Fig. 3).
VDAC-FLAG2 and FLAG3 are on the trans and cis sides of VDAC1
respectively and both bound antibody before membrane solubili-
zation but much more strongly afterwards. This discrimination is
less distinct than with FLAG1 and shows that both the cis and trans
epitopes are partially exposed before solubilization but revealed
more clearly after.
By comparison, FLAG4 showed a much smaller increase in bind-
ing in solubilised mitochondria in comparison to the intact orga-
nelle (Fig. 4, lanes 7 and 8). Levels of binding in both samples
were minimal even though FLAG4 is abundant in the OMMFig. 3. Respiration rates of WT and M22-2 (Dpor1) S. cerevisiae and M22-2 hosting VD
analyzed for rates of cellular respiration as described in materials and methods. Rates f
Statistical signiﬁcance was calculated by comparing values against M22-2 Dpor1 in an u(Fig. 2). This lack of exposure is consistent with a FLAG-epitope lo-
cated in a transmembrane segment that is occluded by membrane
in intact mitochondria or micelles in the disrupted state.
The clearest data are thus obtained from FLAG1 and 5. In FLAG1
minimal binding in intact, and strong binding in disrupted, mito-
chondria indicates an IMS exposure in agreement with published
data [20] and its known exposure to the aqueous phase [7,21].
The remaining epitopes reported in the only other study of orien-
tation in intact mitochondria [20] are shown by the recent struc-
tures to be mostly buried in membrane strands and therefore
difﬁcult to interpret. In the published structures [11–13] the N-ter-
minal segment ﬁrst exits the membrane on the trans side [11,12]
before folding through the lumen to almost reach the cis side
[13]. The FLAG1, which is 11–20 residues from the N-terminus, will
most likely have a trans exposure (see Fig. 1); especially if the N-
terminus is as dynamic as proposed [8,13,22–25]. Residues 1–10
continue through the lumen towards exposure of the extreme N-
terminal residue to the cis side. The equal binding of C-terminal
FLAG5 to solubilised and intact OMM indicates a cytosolic location
for this cis side. This places the VDAC in the opposite orientation to
that proposed by Bayrhuber et al. [12], which is thought to resem-
ble the bacterial OMP orientation.AC1-FLAG variants. Cell lines were grown in non-fermentable carbon sources and
or all strains were measured on 12 separate occasions from different preparations.
npaired students t-test (*0.05 > P > 0.01; **0.01 > P > 0.001; and ***0.001 > P).
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according to the structure papers should be cytosolic and IMS,
respectively, lack ready explanation. It is possible that there is a
slight difference in structure between yeast and mammalian
VDAC1 as their sequence homology is low. Interestingly, this re-
gion in VDAC1 is less well resolved in the ﬁrst NMR derived struc-
ture with fewer NOEs [11] and is located in a dynamic region in the
second structure, that has high rates of hydrogen/deuterium ex-
change [12]. Furthermore, other studies [21,26] have shown resi-
dues within this region to be more water exposed than
suggested by the published structures (illustrated in Supplemen-
tary data). Finally it should be noted that our data concurs with
the 13 b-stranded model deduced from functional studies [26].
In conclusion two FLAG-epitopes have deﬁned the orientation
of the solved structures in vivo with the C-terminus facing the
cytosol. One more conﬁrms its expected transmembrane position.
The two remaining epitopes behave similarly in the IP although
they should be on opposite sides of the membrane. This curious re-
sult does however concur with previous data and together they
suggest that b-strands 1–6 are dynamic [27–29] and require fur-
ther investigation.
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